The single-dose pharmacokinetics of intravenously administered cefoperazone (2.0 g) and sulbactam (1.0 g) were studied in normal subjects and in patients with various degrees of renal failure. In an open, parallel experimental design, six normal subjects (creatinine clearance, greater than 90 ml/min), two patients with mild renal failure (creatinine clearance, 31 to 60 mI/min), eight patients with moderate renal failure (creatinine clearance, 7 to 30 ml/min), and four functionally anephric patients (creatinine clearance, less than 7 mI/min) were studied. The functionally anephric patients were given two test doses to allow study of drug disposition both on and off hemodialysis. Serial blood and urine samples were collected from time zero to 12 h after dosing in normal subjects and from 0 to 72 h in renal patients. Serum concentrations of both drugs declined biexponentially. For cefoperazone, the terminal elimination half-lives averaged from 1.6 to 3.0 h and were similar in subjects and patients. No cefoperazone pharmacokinetic parameters were appreciably altered by renal failure or hemodialysis, and there was no correlation between the total body clearance of cefoperazone and estimated creatinine clearance. In contrast, the sulbactam total body clearance was highly correlated with estimated creatinine clearance (r = 0.92, P < 0.01) and was significantly higher in normal volunteers than in the renally impaired groups (P < 0.01). The sulbactam terminal elimination half-life in functionally anephric patients (9.7 ± 5.3 h) differed significantly from that of normal volunteers (1.0 ± 0.2 h) and patients with mild renal failure (1.7 ± 0.7 h, P < 0.05). The sulbactam half-life in moderate renal failure was 4.6 ± 2.2 h. The hemodialysis extraction ratio of sulbactam (0.44) was significantly higher than that of cefoperazone (0.05) (P < 0.01). The mean percentage of the dose recovered from dialysate was about 4% for cefoperazone and 30% for sulbactam. Hemodialysis patients showed a significantly higher sulbactam apparent volume of distribution at steady state and total body clearance during dialysis periods when compared with those in periods off dialysis. The sulbactam elimination half-life was appreciably altered during the hemodialysis period (mean, 2.0 h). Hemodialysis approximately doubled the sulbactam total body clearance. When cefoperazone and sulbactam are used in combination, adjustment of the dosing regimen for patients with estimated creatinine clearance of less than 30 ml/min can be made to compensate for reduced sulbactam total body clearance. An adjustment may be particularly appropriate at an estimated creatinine clearance of less than 15 ml/min. Under these conditions, the combination may be given once daily, with an additional dose of cefoperazone (given alone) 12 h later. This alternating regimen would not require further adjustment after hemodialysis treatment, but we recommend that dosing be scheduled to follow hemodialysis if possible.
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Sulbactam is a P-lactamase inhibitor currently marketed in the United States in combination with ampicillin. With the exception of potent in vitro activity against Neisseria gonorrhoeae and Acinetobacter species (R. A. Venezia, D. Pisegna-Swift, G. E. Hollick, and W. W. Gregory, Abstr. Annu. Meet. Am. Soc. Microbiol. 1986, A90, p. 16), sulbactam lacks significant antibacterial activity as a single agent (7) . Cefoperazone (Cefobid; Roerig Div., Pfizer Pharmaceuticals) is a marketed cephalosporin with a broad spectrum of activity against most gram-positive and gram-negative bacteria including Pseudomonas aeroginosa and most members of the family Enterobacteraceae (15) . In vitro, the combination of cefoperazone and sulbactam shows a marked degree * Corresponding author. of synergy against some organisms which are resistant to cefoperazone, including Enterobacter species, Serratia marcescens, Acinetobacter species, and Bacteroides fragilis (11) . For this reason, simultaneous administration of cefoperazone and sulbactam may improve therapeutic outcome under certain clinical conditions.
The objective of this study was to compare the pharmacokinetic profiles of primarily hepatically eliminated cefoperazone and renally eliminated sulbactam coadministered as an intravenous infusion to normal volunteers, to patients with various degrees of renal dysfunction, and to hemodialysis patients both during and between hemodialysis treatments. These data are utilized to provide dosage guidelines for the drug combination when administered to patients with normal renal function and to patients with various degrees of renal dysfunction.
Subjects. After subjects gave informed consent, the pharmacokinetics of cefoperazone and sulbactam given in combination were studied in six normal volunteers and 14 patients with various degrees of renal dysfunction. All subjects in this investigation were studied at a single site. There were 19 men and 1 woman, ranging in age from 21 to 71. Excluded from the study were premenopausal women and patients with evidence or history of hepatic disease, unstable congestive heart failure, endocrine disorders (except well-controlled diabetes), malignancy, allergy to penicillins or cephalosporins, blood dyscrasias, and drug or alcohol abuse.
Renal dysfunction patients not requiring hemodialysis were divided into two groups based on estimated creatinine clearance (CLCR) (4) .
Before and upon completion of the study, the laboratory examinations performed included complete blood count with differential, blood chemistry screening, and urinalysis.
Drug administration and blood sampling. After they fasted for at least 8 h, all subjects were given a single, simultaneous 15-min intravenous infusion of 2.0 g of cefoperazone and 1.0 g of sulbactam. Blood samples were collected from an indwelling venous catheter in the arm contralateral to the one into which the drug combination was infused. Samples were collected immediately before drug administration, at the midpoint and at the end of the infusion, 15 and 30 min postinfusion, and 1, 1.5, 2, 4, 6, 8, and 12 h postinfusion. Additional blood samples were collected at 24 and 48 h postinfusion from renal failure patients, and a 72-h sample was obtained from patients on hemodialysis.
Patients requiring maintenance hemodialysis were administered the drug combination twice; once on a day of hemodialysis (during-dialysis dose) and once on a day after hemodialysis (between-dialyses dose). At least 5 days separated the two doses, and randomization determined which dose each hemodialysis patient received first. For the between-dialyses dose, drug was administered and blood samples were obtained as above. For the during-dialysis dose, blood samples were collected via an indwelling venous catheter before starting and at the end of the infusion and at 15, 30, and 60 min postinfusion. Hemodialysis was begun approximately 1 h after the end of the infusion. Sampling continued at 1, 2, 3, and 4 h after the beginning of hemodialysis, at 15, 30, 45 , and 60 min postdialysis, and at 8, 12, 24, 48, and 72 h postinfusion. In addition, blood samples were taken simultaneously from the dialyzer affluent and effluent at 2 and 4 h into hemodialysis or just before the end of hemodialysis.
Blood samples were either immediately centrifuged in a refrigerated centrifuge or put on ice and centrifuged as soon as possible thereafter. The maximum time that samples were in ice was 3 h. Serum was frozen at -70°C before analysis.
For normal volunteers, two 10-ml portions of cumulative urine specimens were collected before drug administration and at 0 through 2, 2 through 4, 4 through 8, and 8 through 12 h after dosing. Cumulative urine specimens were also collected at 12 through 24, 24 through 48, and 48 through 72 h for renal failure patients not requiring hemodialysis. During the between-dialyses dosing period, any urine produced by hemodialysis patients was collected up to 72 h and/or just before the next hemodialysis period. For the during-dialysis period, urine was collected from the beginning to the end of hemodialysis and then over 4-h intervals up to 12 h and then from 12 through 24, 24 through 48, or 48 through 72 h and/or to the next hemodialysis treatment. Urine samples were frozen at -70°C until assayed.
Assays. Serum, dialysate, and urine samples were assayed for cefoperazone and sulbactam by high-performance liquid chromatography at Pfizer Quality Control, Groton, Conn. The method for serum and urine determinations was reported previously (16) . Dialysate samples were analyzed for cefoperazone content according to the same methodology previously reported for urine sample analysis, except that the dilution factor was 2 rather than 10. The sulbactam concentration of dialysate samples was determined by using the high-performance liquid chromatography conditions described for serum analyses (16); however, no sample pretreatment or extraction was performed. Several mobilephase conditions were required to eliminate chromatographic interferences found in patients with renal failure; these were individually validated. Pharmacokinetic analysis. Both sulbactam and cefoperazone concentrations were analyzed by model-independent methods (9). The area under the serum concentration-time curve (AUC) and the area under the moment curve (AUMC) were determined by the LaGrange cubic polynomial interpolating function in conjunction with linear and log trapezoidal methods and by extrapolation of the terminal slope to infinity. Total body clearance (CL) was calculated by dose IV/AUC. The mean residence time was calculated from AUMC/AUC corrected for the intravenous infusion. Volume of distribution at steady-state (V..) was calculated by CL multiplied by the mean residence time. The rate at which drug was removed from the body by hemodialysis (dXhd/dt) was derived from Fick's law of diffusion by using equation 1. We assumed that ultrafiltration and back-diffusion from the dialysate were negligible (12) . dXhd/dt = Qe, (Ca -C,) (1) where Qe is the effective serum perfusion rate of the dialyzer [dialyzer blood flow rate X(1 -hematocrit)] and Ca and C, are affluent (arterial) and effluent (venous) dialyzer serum drug concentrations, respectively. Hemodialysis clearance (CLhd) was obtained by dividing both sides of equation 1 by Ca (9) and was defined as CLhd = (dXhd/dt)ICa = Qe(ERhd), where the hemodialysis extraction ratio (ERhd) is defined as (Ca -Cv)ICa.
Statistical analysis. For purposes of analysis, the subjects were divided into five groups by estimated creatinine clearance (CLCR) (Table 1) (4). Group 4 consisted of patients requiring hemodialysis studied in their between-dialyses period, and group 5 consisted of the same patients during dialysis. Pharmacokinetic parameters were compared between renal function groups by analysis of variance, taking into account unequal group sizes. When a significant F ratio was obtained, Tukey's honestly significant difference test was utilized. Since group sizes were unequal, the harmonic mean was used in calculating the honestly significant difference value. Pharmacokinetic parameters obtained from hemodialysis patients when dosed between dialyses and during dialysis were compared by using Student's paired t test.
RESULTS
Based on CLCR, the normal volunteers and patients were divided into five different groups. Normal volunteers (group 1, n = 6) had CLCR values from 94.7 to 111.3 ml/min, mild renal failure patients (group 2, n = 2) had CLCR values of 53.5 and 56.3 ml/min, and patients with moderate renal ml/min. Groups 4 and 5 consisted of the same hemodialysis patients (n = 4) off and on hemodialysis, respectively. Their CLCR values ranged from 4.5 to 6.6 ml/min. After simultaneous intravenous infusion of cefoperazone (2 g) and sulbactam (1 g), serum concentrations of both drugs declined biexponentially with a brief distribution phase. Figure 1 shows the cefoperazone serum concentrations versus time for the five groups. Concentrations of cefoperazone did not appreciably change with renal dysfunction.
Cefoperazone pharmacokinetic parameters for all groups are shown in Table 1 . For cefoperazone, the terminal elimination half-life (t012), CL, Vs., and AUC were not statistically different between groups. There was no correlation between CL and CLCR (Fig. 2) .
Sulbactam pharmacokinetic parameters are shown in Ta The sulbactam serum concentration-versus-time profiles are illustrated in Fig. 3 for the five groups. The CL of sulbactam correlated significantly with CLCR (Fig. 4) . The largest variations between CLCR and sulbactam CL occurred in the normal volunteers. When tested as an independent variable in a multiple linear regression analysis, age did not significantly influence the relationship between sulbactam CL and CLCR. Table 3 shows the pharmacokinetics of cefoperazone and sulbactam during and between hemodialysis treatments for the functionally anephric patients. There were considerable differences between the two drugs when pharmacokinetic behaviors during and between hemodialysis treatments were compared. Cefoperazone showed no differences (Table 3) . During hemodialysis, the mean extraction ratio of cefoperazone was 0.05, and the mean hemodialysis clearance was 8.1 ml/min. The mean percentage of the dose recovered in dialysate was 3.6 ± 2.4%. Sulbactam demonstrated pronounced pharmacokinetic changes during hemodialysis ( Table 3 ). The mean extraction ratio was 0.44, and the mean hemodialysis clearance was 75 ml/min. The mean percentage of the dose recovered in dialysate was 30 + 9%. Comparing hemodialysis patients off and on hemodialysis, sulbactam CL and V., were significantly different (P < 0.05), as was the AUC (P < 0.05) ( Table  3) . Table 3 also lists the mean hemodialysis extraction ratio and hemodialysis clearance of cefoperazone and sulbactam. The hemodialysis extraction ratio of sulbactam was significantly different from that of cefoperazone (0.05 versus 0.44, P < 0.005). Hemodialysis clearance was significantly different between sulbactam and cefoperazone (8.1 versus 75 mi/mn, P < 0.01).
The recovery of both drugs from urine was highly variable within the five groups (Table 4) . Within each group, the percentage of the sulbactam dose recovered in the urine was much greater than the percentage of the cefoperazone dose recovered (P < 0.01). There was a trend toward decreasing recovery of both drugs in urine with decreased renal function. Recovery of both drugs in urine from hemodialysis patients was similar during and between hemodialysis treatments.
There were no clinically relevant changes in laboratory parameters associated with the single dose of the combination product. Likewise, the infusion over 15 min was well tolerated. However, after the infusion, all six of the normal volunteers in group 1 reported onset of loose stools within 24 to 48 h of administration, and these effects resolved by 96 h after dosing in all but one. Two of the patients also reported similar effects; one of these patients experienced two such episodes 5 tration is freely filtered due to its high protein binding and low free fraction. The free fraction of cefoperazone is approximately 7 to 13%, which is the approximate ratio of cefoperazone CL to CLCR (10) . Both increased drug concentration (1) and displacement of cefoperazone from binding sites by bilirubin can increase the proportion of unbound cefoperazone (17) . The amount of cefoperazone recovered in the urine has been directly related to the extent of hyperbilirubinemia, and in patients with complete biliary tract obstruction, 90% of an administered dose has been recovered in the urine over a 24-h period (10) . When compared with ormal volunteers, patients with severe biliary tract obstruction had approximately two-thirds lower CL, one-half lower nonrenal clearance, and one third greater renal clearance. As Shimizu has shown, probenecid has an insignificant effect on cefoperazone serum concentrations and tl2 (17) .
When cefoperazone pharmacokinetic parameters were calculated for the normal volunteers in this study, the ranges for t112, CL, and Vs, were consistent with previously published reports (1, 5, 10, 13, 16, 18) . The present study showed that for end-stage renal disease patients, cefoperazone pharmacokinetic parameters did not change when patients were on or off hemodialysis. The low hemodialysis extraction ratio and low hemodialysis clearance observed in these patients is consistent with cefoperazone having high serum protein binding and a molecular weight of 645. The pharmacokinetic parameters of sulbactam are primarily dependent on renal function. Foulds et al. (8) gave both a 500-mg and a 1,000-mg dose of sulbactam to four healthy male volunteers and assayed serum and urine samples by bioassay for intact sulbactam. The renal clearance was 75.5 to 80.4% of the CL. The sulbactam pharmacokinetic data of the six normal volunteers participating in the present study were comparable. The V., values for these normal volunteers closely approximated extracellular water, that is, 0.23 liter per kg of ideal body weight (6) . In contrast to cefoperazone, the protein binding of sulbactam is low and does not affect renal elimination.
Several reports have indicated that the pharmacokinetics of sulbactam are not altered by coadministration of cefoperazone in normal volunteers (8, 16) . The AUC and amount of cefoperazone recovered in urine are not appreciably altered by coadministration; this was found at the same intravenous infusion rate used in the present study, with assays conducted at the same site (16) . Comparison of the cefoperazone and sulbactam pharmacokinetic parameters when these drugs were coadministered to our volunteers with the literature-derived volunteer pharmacokinetic parameters confirms that a significant pharmacokinetic interaction between these drugs is unlikely, since volunteer parameters are similar whether the drugs are given separately or coadministered.
When administered alone, sulbactam has an average renal clearance greater than 200 ml/min, indicating that renal elimination occurs via glomerular filtration and renal tubular secretion (3, 19 The differences found between the mean sulbactam tl2 of the patients on and off hemodialysis predominantly reflect the addition of hemodialysis clearance. Hemodialysis removes nearly a third of the sulbactam dose, as reflected by the differences in plasma AUC and dialysate recovery in these patients.
The combination of 2.0 g of cefoperazone and 1.0 g of sulbactam is designed to be given every 12 h in patients with normal renal function. Based on our findings, this recommended regimen does not need to be altered in patients with CLCR of greater than 30 ml/min. For patients with a CLCR less than 30 ml/min, the total daily dose of sulbactam can be reduced by giving one dose of the 2:1 combination product followed in 12 h by an additional equivalent dose of cefoperazone alone. This adjustment may be particularly appropriate at a CLCR of less than 15 mlmin; patients with end-stage renal disease who are given this compensating, alternating regimen are expected to show accumulation of sulbactam to a maximal serum concentration approximately double that usually observed. Similar modest accumulation would be expected at CLCR values between 15 and 30 ml/min if the regimen is not adjusted.
In summary, the elimination pharmacokinetic parameters found for sulbactam were significantly correlated with CLCR. This correlation was not observed for cefoperazone. Hemodialysis approximately doubled the CL of sulbactam, although it reduced the total amount of drug in the body by only one-third. The pharmacokinetics of cefoperazone were not altered by decreasing renal function or by hemodialysis.
When the combination of cefoperazone and the P-lactamase inhibitor sulbactam is used to increase the antimicrobial spectrum of cefoperazone, the adjustment of the dosing regimen for patients with CLCR values of less than 30 ml/min can easily be made to compensate for the reduced CL of the sulbactam component of the combination. An adjustment may be particularly appropriate at a CLCR of less than 15 ml/min. It is clear that hemodialysis treatment does not remove enough sulbactam to require a supplemental dose after hemodialysis, and that the hemodialysis treatment need not further complicate this proposed dosing regimen, but it is recommended that dosing be scheduled to follow hemodialysis if possible to maximize the likelihood of predictable serum concentrations between hemodialysis treatments.
